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Ahatract-A number of chemical shift data of a-protons of 2,4-disubstituted adamantanes are given and 
the effects of the substituents on the chemical shift of protons (substituent shift) are calculated in several 
ways. These data show that there is a mutual interaction of the substituents leading to a change in their 
screening parameters and resulting in an additional change in the chemical shill of the protons. The total 
substituent shift subdivides into two parts, one directly due to the substituent, and the other to a change in 
the screening parameters of bonds and atoms in the direct environment of the considered proton. The 
relative contribution of each of these mechanisms is evaluated with statistical methods. Many cases of 
anomalous shift behaviour observed in other rigid saturated molecules, as described in the literature, are 
clarified by this combined shift mechanism. 

INTRODUCTION 

ADAMANTANES are, due to their rigidity and the non distorted chair conformation of 
the dmembered rings, ideal cases to investigate substituent shifts and substituent 
shift additivity. Fort and von R. Schleyer’ have determined the substituent shifts in a 
number of 1 -substituted adamantanes and when applied to 1,3disubstituted adaman- 
tanes, IJJ-trisubstituted adamantanes and 1,3,5,7-tetrasubstituted adamantanes, 
they found good agreement between observed and calculated chemical shifts (rms. 
dev. w57 ppm, v = 74*). 

Van Deursen et al.? have determined the substituent shifts in a number of 2- 
substituted adamantanes and when applied to 2,4dibalosubstituted adamantanes, 
after removing the uncertainties in the substituent shiis, good agreement between 
observed and calculated chemical shifts was also found’ (rms dev. @040 ppm, v = 56) 
except for the protons geminal to the substituents, of which the rms. dev. is as much 
as @20 ppm (v = 9). This deviation of substituent additivity gave rise to further 
investigation into substituent shifts of the a-protons (using the data of additional 
2,4disubstituted adamantanes) and to a statistical evaluation of the shift data from 
the literature. 

l AU the root mean squared deviations (rms. dev.) are calcuhtted according to {l/v E_, (C, - O#}? 
in which Ci is the calculated shift, 0, the observed shift, n the numba of observations and P is the number 
of degrees of freedom (n-p), in which p is the number of pamme&s estimated from the Ob8UVCd Shift8 t0 

determine the calcuIataI values. 
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RESULTS 

For a number of 24disubstituted adamantanes,4 measured in deuterochloroform, 
the chemical shifts of the a-protons are given in Table 1. The chemical shifts of the 
a-protons and of the Cprotons of 2-monosubstituted adamantanes are given in 
Table 2. From these data the substituent shifts due to y-substituents are calculated as 
given in Table 3. The data are separated into three series depending on the stereo- 
chemical configuration of the considered proton and the y-substituent (Tables 4,5,6). 

DISCUSSION 

From Tables 4, 5 and 6 it is found that the y-substituent shift largely depends on 
the nature of the a-substituent. The strongest deviation appears in the case of equa- 
torial y-substituents (Table 4 and 5). For instance the Ze-bromine seems to deshield 
with 0.10 ppm the 4a-proton in 2-bromoadamantane, whereas the 2e-bromine seems 
to shield this proton with 0.22 ppm in 2e-bromo~-iodoadamantane. Besides a small 
solvent effect this can only be explained by a mutual interaction between the sub- 
stituents. This mutual interaction between a- and y-substituents in adamantanes was 
already known from the kinetic behaviour of some adamantanes: the rate of the 
solvolyses of a tertiary bromine depends very strongly on the nature of the y-sub- 
stituent ;‘* * the exchange of bromine for chlorine in 2-bromoadamantane in con- 
centrated hydrochloric acid, does not occur with 2e-bromo-4e-aminoadamantane ;’ 
the isomerisation of a secondary OH group to a tertiary position in cone sulphuric 
acid, which occurs in the case of 2-hydroxyadamantane, does not occur in the case of 
2e,4e-dihydroxyadamantane, 2e,4adihydroadamantane and 4e-hydroxyadaman- 
tanon-2.’ 

The mutual interaction of the substituents considerably affects the use of the 
substituent shifts and the subsequent calculations. This interaction apparently changes 
the screening parameters of the substituents. 

It seems appropriate to split the total substituent shift into two parts. The part due 
to the substituent itself, i.e. the combination of well known screening parameters such 
as magnetic anisotropy and electric field effects, will be called G(direct). The part due 
to a change in screening parameters in other bonds and atoms, induced by the 
substituent, will be called &indirect). Thus the total substituent shift G(subst) can be 
represented as 

G(subst) = G(direct) + &indirect). 

Although the term G(direct) will be modified by the mutual interaction, in a first 
approximation it is a constant for a certain (y) substituent, because the rms. dev. 
between observed and calculated chemical shifts of all protons except the geminal 
ones in 2,4dihaloadamantane is low3 (rms dev. = 004 ppm, v = 56). If we select 
the chemical shifts of those secondary protons in 2+dihaloadamantanes, of which the 
total observed substituent shift is greater than 0.50 ppm,’ the rms. dev. is still only 
0.034 ppm (v = 12) (average total substituent shift: 0.65 ppm). From this rms. dev. 
and the average total substituent shift (av. sh.) it can be concluded that the change in 
&direct) may amount to about 5 %. 

Concerning the &indirect) term, it is obvious that a change in screening parameters 
of bonds and atoms in the direct environment of the considered proton will give the 
largest contribution to the G(indirect) term, i.e. in particular a bonds and atoms 
(a-environment). The question arises as to how far the B-environment also contributes 
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to the G(indirect) term. An indication of a contribution of the j&environment is found 
in the rms. dev. = OQ88 ppm of the 3-protons of 2,4-dihaloadamantanes (v = 6) 
(av. sh.: 049 ppm), the 3-proton being /I to both the substituents. However, the rms. 
dev. of the shifts of the l- and 5-protons, which are #I to only one of the substituents, is 
0025 ppm (v = 9, av. sh. : O-26 ppm), which is less than that of the secondary protons. 

The same behaviour is observed in 1,3disubstitut~ adamantanes,’ in which the 
rms. dev. of all the protons is 0056 ppm (v = 45) and that of the protons which are j? 
to one and two substituents is 0049 ppm (v = 18) and O&4 ppm (v = 9) respectively. 
So there is no significant cont~bution of the ~-en~ronment to the ~(indir~t) term 
and therefore, by approximation only the a-environment contributes to this term. 

It is obvious from the Tables 4 and 5 that in these y-substituent shifts the G(indirect) 
term predominates over the &direct) term. Consider again the equatorial y-bromine 
shift on the axial proton (Table 4). With a change in the r-environment on the part of 
only one of the three x-atoms, the y-bromine shift changes from + 0.10 to - @22 ppm, 
i.e. a change in the &indirect) term of (332 ppm, which exceeds the total substituent 
shift. 

TABLE 1. CHEMICAL SKIF-IY OF THE PROfoNS GBMINAL TO THE SUBSTINMTS IN 2,~DISURSTITUTED 

ADAMANTANES” 

su~titu~~ 2e, 4e disubst. 2e, 4a disubst. Footnotes 

2 
Cl 
Br 
I 
I 

1 

Br 
OH 
OH 
OH 

NH, 
NH2 
NHz 
NHCOCH, 
NHCOCH, 
NHCOCH,, 
OCONH, 
=o 
=o 
=o 
= Q 
=Q 

4 
Cl 
Br 
I 
Br 
Cl 
OH 
Cl 
Br 
Cl 
Br 
I 
Cl 
Br 
I 
OH 
OH 
OCONHl 
Cl 
Br 
I 

2a 4a 
4.26 4.26 
450 450 
489 489 
478 460 
450 423 
3.75 3.75 
3.85 4.23 
3-88 445 
3.03 433 
3a1 457 
3-15 482 
4% 436 
4-12 4.59 
4.19 484 

2a 

482 
5-15 
548 

4e 
451 
4.7; 
4% 

S-00 445 
4.18 3-97 

3.63 5-05 

5.09 
3.95 

4.83 
433 
455 
4.13 

4.03 
4-28 
5.14 
4.65 
482 
498 

b,e 
b,e 
b,e 
g 

c,d 
4 
e 

e 

C 

C 

e 

e 

e 

e 

g 

g 

f 

h 
h 

o keaaured on a Vatian HA 100 as a solution in deu~ochlorofo~ with TMS as internal reference, 
unless otherwise stated. 

* Data from Ref. 3. 
’ Original data from A. C. Udding (Ref. 5)., measured on a Varian A-69. 
* Measured in CCI,. 
l The data d&r slightly from those measured by A. C. Udding (Ref. 5). 
’ Some DMSO was added to the solution. 
* Unpublished compounds. 
L Data from Ref. 6. 
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One of the consequences of the G(indirect) term is that data of substituent shifts may 
be applied only in cases of identical a-environment, because the G(indirect) term 
depends both on the nature of the substituent and on the nature of the a-environ- 
ment. With another a-environment a different set of substituent shit% will be found. 

Such a G(indirect) term is not only to be found in adamantanes. In many cases 
where anomalous shifts were observed, non-identical a-environments were en- 
countered, whereas identical a-environments were paired with good substituent shift 
additivity. Some of these cases will be reviewed here: 

TABLE 2. CHEMICAL SHIFT 0~ SOME PROTONS IN 2-htoNosutsmvTe~ ADA~(ANTAN& 

Substitucnt 
Configuration of substituent postulated to be 

29. 2-ax. 

cl 
Br 
I 
OH 

NH, 
NHCOCH> 
OCONHl 
=o 

a-H 
439 
4.68 
500 
3.8Sb 
2.98 
408 
4.78 

4-axH 4eqH &UH 
1.X 194’ 2.27 
1.85’ 1.97c 2.33 
l-95 1.95 2.38 
1.69 1.82 2% 
1.776 1.77’ 1.95 
1.79’ 1.79’ 
l-79’ 1.79’ 200 
2.03’ 2Q3’ 

’ Measured on a Varian HA-100 as a solution in &uterochIoroform, with TMS as 
internal reference. Most of these data are from Ref. 2. 

D The chemical shift given in Ref. 2 is wrong. 
’ These data are corrected according to Ref. 3. 
d These data are approximations due to overlapping lines. 

(a) Ziircherio has shown that the substituent shifts for the tertiary methyl groups 
in steriods are additive (rms. dev. = 0422 ppm, v = 180). 

The substituent shifts can be well correlated with screening parameters as electric 
field effects and/or magnetic anisotropy effects.’ ’ These screening parameters can 
also be applied to the tertiary methyl groups of bomanes (rms. dev. O-033 ppm, v = 26). 
In all these cases the /I-environment and the a-environment are identical. However, 
when these screehing parameters are applied to the 3-exe and 3-e&o (methylene) 
protons of 2-substituted norbomenes, which has a different a-environment, a relative 
large correction term must be added.” 

(b) The substituent shifts of the a-protons derived from CHsX differ from those 
derived from CH,CH,X and from (CH&CHX. Cavanaugh and Daily have intro- 
duced a C-C bond shift to explain the deviation.’ 3 

(c) The substituent shifts of the secondary substituted adamantanes diier from 
those of the tertiary substituted adamantanes (23, Table S), and both differ from the 
substituent shifts derived from steroids and cyclohexanes.r4 

(d) Eiiel et aLls have determined the substituent shifts due to afkyl groups of the 
carbinol proton of cyclohexanols, and as long as these shifts are applied to carbinol 
protons of conformational well defined secondary alcohols, a very good agreement 
between observed and calculated chemical shift is found (rms. dev. = O-024 ppm, 
v = 23X” (rms. dev. = 6035 ppm, v = 6).16 However, when these substituent shift 
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TABLE 3. CALCULATION OF THE SUBSTITUENT SHlFZ3 

configuration of Cakuhttion 
Results in 

Table 

Substituent Proton 
e a 4a(* MY- 2&Y IV 

2aGM 4ey) - 2(2a) 
e e 4c(4aa* 2tyJ - 2(2a) V 
a a 2a(2eu, 4atf - 2(2a) VI 

e = equatorial a = a substituent given with position. 
a-axial y = y substituent and con@uration. 
* Is chea &ii of 4a proton with a 4e, a-substituent and a 2e, y-substituent. 
* Is them, &ii of 2-proton with a 2a-substituent, without the y-substituent. 

When the a-substituent is H, 2(2u) = 1.75, i.e. the chemical shift of 
secondary protons in adamantane. 

data are applied to the methylene protons of 1,3,5-trimethylcyclohexanes, deviations 
of as much as O-5 ppm are observed between experimental and cakulated chemical 
shifts.‘* Recently Remijnse et al. r7 obtained the chemical shirks of equatorial-methyl- 
cyclohexane from which the eq-methyl substituent shifts on the methylene protons 
can be calculated. When these su~tituent shifts are applied to the methylene protons 
of le, 3e, Se-tr~ethylcyclohex~~ the observed and calculated shifts agree within 
0.03 ppm. 

ApSimon et ai. have used the substituent shift data from the carbinol proton to 
calculate the diabetic anisotropy of the C-H and C-C bond However, using 
the chemical shift data of cyclohexane and ethane, another set of magnetic anisotropy 
data was found.lg Application of both sets of magnetic anisotropy data to the calcula- 
tion of the diamagnetic anisotropy of the C=C bond shows that the second set of 
data gives less scattering in the results.20 

So generally a G(indirect) term has to be considered. We have calculated the cx 
substituent shift (Table 7) from the chemical shih data of the Tables 1 and 2, in an 
attempt to gain some insight about the mutual interaction of the substituents. With 
a particular a-substituent the ~~nvironment remains constant, so the ~(indirect) term 

TAB= 4. THE SULBTITUENT SHIFT OF AN Ax. PROI‘ON DUE TO AN EQ. Y-SURS’I~NENT IN DEPENDENCE OF THE 

M. x-.wBsrrmFNT IN ADAMANTAN& 

eq. a-Substituent 

H 
OH 
OCONH, 
NH, 
NHCOCH, 
Cl 
Br 
I 

eq. y-Substituent 

OH NH2 NHCOCHJ Cl Br I =o 

-0*06 Qo2 oG4 0.03 010 020 0.28 
-0.10 OGO 0.03 0.10 

OJX 
0.05 0.03 0.17 

-002 #4 0.11 
--Cl6 -0.06 -003 -013 -016 -006 
-023 -Qll -0.09 -a18 -618 -+@!I -a13 

-a18 -@16 -a22 -@ll -027 

* A negative s&n means an up&Id shift. 
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CONCLUSIONS 

The chemical shift data of adamantanes as well as those of other compounds clearly 
show that, in addition to the well known causes of substituent shifts, an indirect shift 
mechanism must be considered, that is the change in the screening parameters of 
bonds and atoms in the direct environment of the considered proton induced by the 
substituent. 
Hence the application of substituent shifts is limited to those cases in which the direct 
environment of the considered protons is the same in each case. 

More data will be required if we are to understand the nature of the indirect shift 
term in greater detail. 
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